Inoculum
' PBS or the following ' doses of influenza virus (EBID 50) newborn ferrets infected with doses ranging from 104.9 to EBIDSO of influenza virus and on 93 controls given PBS only. At daily intervals for 9 days after infection, the numbers of live and dead animals were counted in each litter. The dead ferrets were removed and, if decomposition had not progressed too far, they were dissected and tissues were removed for virus titration, as described by Collie et al. (1978) ; the total quantity of virus in the tissue was calculated and expressed as EBIDSO. The percentage mortality of 72 newborn ferrets infected with EBIDSO influenza virus and 43 controls was calculated daily from the number of dead animals out of the total number alive on either day 0 ( fig. la) or day 3 (fig. lb) . (ii) . Histopathological studies were made on ferrets that died, as well as on additional animals that were killed by intraperitoneal injection of 0.3-O.S ml of Sagatal (May and Baker Ltd, Dagenham) on days 1-9 after infection. In all, 65 infected and 34 control, uninfected ferrets were examined. Dead and killed animals were beheaded, and the intact head and the dissected trachea, bronchi and lungs were fixed in neutral buffered formalin. The heads were subsequently sliced sagitally on either side of the nose and the central block of tissue was sectioned to produce a combined preparation of nasal sinuses, nasal passages, pharynx and upper trachea; the lower trachea was removed from the lungs and sectioned longitudinally; the lungs were blocked out whole and sectioned at several levels. After staining with haematoxylin and eosin, the sections were all examined by the same observer (DIR), who scored the lesions arbitrarily from 0 to + + + , indicating a range from normality to severe damage. The nasal sinuses and passages, the trachea, the bronchi and the bronchioles were each scored for surface lesions, cytopathic changes, inflammatory exudate, mucosal vascular engorgement and oedema, epithelial necrosis, epithelial loss and epithelial metaplasia. The contents of the airways were also recorded as proteinaceous fluid, pus, blood and aspirated debris. On the basis of several criteria (uide infra) the lung parenchyma was described as normal or inflamed or as showing non-specific changes.
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RESULTS

Susceptibility of newborn ferrets to influenza1 infection
Preliminary experiments showed that infection with inoculum doses ranging from 104.9 to EBIDSO was invariably fatal (table I) and 43 control, uninfected (0 ---0) newborn ferrets during the first 3 days after intranasal inoculation of virus or phosphate-buffered saline, respectively, and (6) for the remainder (1 7 infected and 13 controls) during the subsequent 3-9 days.
of virus (generally > lo4 EBID5O) in the nasal turbinates and in the lungs, especially the latter (fig. 2) ; virus was also isolated from other parts of the body, most consistently from the intestines and haemopoietic organs, but only at low titre (table 11).
PathoIogicaZ changes in the respiratory tract
Of the 6 5 infected newborn ferrets in this part of the study, 29 died and 36 were killed; of the 34 controls, 1 1 died, all within the first 2 days (table 111). mals and was evident within 24 h of infection. There was irregular loss and retraction of cilia, eosinophilia of the supranuclear cytoplasm and breakdown of the cell surface; the nuclei of the epithelial cells became rounded and hyperchromatic ( fig. 3 ). These changes were best seen in the multilayered epithelium of the nasal sinuses and were absent below the level of the pharynx.
Cytopathic changes were first apparent in infected animals 24-48 h after infection and were also seen in the nasal sinuses of two control animals, both from the same litter, on days 3 and 4. The full thickness of the epithelium, with the possible exception of the basal cells, was often involved. There was thickening of the epithelium, loss of polarity of the more superficial cells, nuclear pleomorphism and hyperchromatism, and cytoplasmic swelling that was associated with clear, poorly staining areas of intracellular oedema. Small cysts developed within the epithelium and there appeared to be some disturbance of normal cell adherence (fig. 4) ; the most superficial cells subsequently underwent necrosis and were shed into the lumen. Goblet-cell enlargement occurred with increased mucin production, and a proteinaceous exudate accumulated in the nasal passages. Reduplication of epithelium was absent or very limited in the trachea and bronchi but individual cells in these passages showed changes similar to those described above.
Vascular engorgement, oedema and polymorph infiltration. An acute inflammatory response was first evident in the mucosa of the nasal sinuses, of Haematoxylin and eosin (HE). x 245. t Isolations were made after one passage in eggs.
FIG. 4 . 4 y t o p a t h i c changes in the nasal
Isolation after two passages in eggs. infected animals only, at 24-48 h. During the next 2 days this extended to involve the nasal passages and lower respiratory tract. Initially, oedema, focal haemorrhage and capillary dilatation predominated, with a minimal polymorphonuclear-cell response. Later, pus accumulated in the airways. Vascular engorgement was seen in two control animals, from the same litter, on the first day but this was not associated with an inflammatory cellular response. EpitheZiaZ necrosis and loss was rarely observed in infected ferrets before the 3rd day, but there was extensive necrosis in the sinuses, nasal passages and upper trachea by the 4th day; it was seen in the nasal tract of one control animal that died on the 2nd day. After loss of the surface epithelium, an attenuated layer of basal cells persisted, often covered by mucopurulent exudate.
Tissue
TABLE I11
Melaplasia. Squamous metaplasia associated with regenerative activity of basal cells was first seen in the upper respiratory tract on day 5 and in the lower respiratory tract on day 6; it was widespread by the 9th day ( fig. 5 ). Metaplasia was not observed in the control animals. Lesions in the lungs are detailed in tables Va and 6. Of the infected animals, 23 died during days 3-9 after infection and none of them had normal lungs; four showed non-specific changes of congestion, haemorrhage and collapse, five had minimal evidence of pneumonia ( fig. 6) , and 15 had aspirated material in the lungs, consisting of desquamated epithelial cells, effete polymorphs, red cells and cellular debris from the upper respiratory tract. In six of the latter, aspiration resulted in digestion of the lung with an acute inflammatory response, and their deaths were put down to aspiration pneumonia; the other nine had a frank pneumonia that could be ascribed to influenza (fig. 7) . Of the ' 36 infected ferrets that were killed, five had aspirated material in the lungs. However, only one developed aspiration pneumonia while three of them progressed to influenzal pneumonia (table Va) . One other ferret, that was killed, developed influenzal pneumonia. None of the 65 animals showed inflammatory changes in the alveolar walls or interstitium of the lung (pneumonitis), and hyaline membrane-like lesions were not observed. One animal dying on the 5th day had an atypical reaction, with a predominantly lymphocytic infiltration, possibly due to another infection. One animal dying on day 7, with aspiration pneumonia, had septic emboli in the brain. Another, dying on day 8 with aspiration pneumonia, had a severe bronchiolitis ( fig. 8) .
DISCUSSION
This investigation clearly demonstrated the severity of influenzal infection in newborn ferrets, contrasting with the mild, transient illness that occurs in the adult animal (Toms et al., 1976) . Fatal infection followed the administration of virus doses as small as EBIDSO, which is about the minimal infectious dose for the adult (Toms et al., 1976) . This small inoculum may have failed to infect all the newborn animals, because many of those dying within 3 days had no detectable virus in the nasal turbinates or lungs. Nevertheless, the fact that all the newborns given virus did eventually die suggests either that asynchrony of infection occurred, as has been shown to happen in adult ferrets (Campbell, Sweet and Smith, 1979) , or that cross infection occurred among litter mates. On the other hand, the early deaths, which occurred within the first 3 days, were almost certainly not due to influenza because they occurred, with essentially the same frequency, also among the controls. Four of the six ferrets given virus and four of the 1 1 controls that died early had histologically confirmed pneumonia (table Va and b) but only two of these showed any involvement of the upper respiratory tract, and then only below the level of the nasal passages. In none of these animals, therefore, were the lesions consistent with influenza, and their pneumonias are more likely to have been caused by some other, unidentified, pathogen or factor.
Beyond 3 days, deaths occurred only among infected animals, and because these deaths were associated with large amounts of virus in the nasal turbinates and lungs they could be ascribed to influenza. Moreover, 19 of the 23 infected animals dying later than 3 days had pneumonia (table Va), demonstrating greater susceptibility of the newborn ferret lung, compared with the adult lung, to influenza virus infection. This is supported by results from organ-culture experiments, which have shown that, after infection of lung tissue taken from adult and newborn ferrets, similar total quantities of virus are produced in both cases but the amount released from the tissue is greater in the case of the younger animal, a difference that is lost after 2 weeks of age (Cavanagh et al., 1979) . This could mean that virus disseminates more readily in the newborn lung in vivo. Also, the actual structure of the newborn lung may be an important factor in determining its greater susceptibility. In the human newborn infant, the proportion of alveolar cells to ciliated epithelial cells (in the bronchi, bronchioles and alveolar ducts) is relatively low, the adult proportions not being achieved until as late as 11 years of age (Doershuk, Fisher and Matthews, 1975; Dunnill, 1962) . Whether ferrets undergo a similar pattern of lung development is not yet known, but this seems likely because it occurs also in rats (Burri, Dbaly and Weibel, 1974) . A reduced number of alveoli in the newborn animal would be expected to give increased vulnerability to fatal infection. At the same time, influenza virus has a predilection for growth in ciliated epithelium , which probably explains why patients with chronic cardiac disease, whose alveoli become lined with bronchiolar-type columnar or cuboidal epithelium, are more susceptible to influenza (Spencer, 1977) . The higher proportion of such epithelium in the newborn lung could account for the results of the organ-culture experiments and be a further contributing factor to the high fatality rate in newborn ferrets.
Although 23 ferrets died 3-9 days after infection, only nine had apparently uncomplicated influenza1 pneumonia, and six others had massive aspiration pneumonia. On the other hand, four ferrets had minimal pneumonia and five showed only non-specific changes in the lungs, neither of which were adequate explanations for death. All the animals, however, showed severe involvement of the upper respiratory tract. Smith, Andrewes and Laidlaw (1933) noted difficulties in breathing in adult ferrets after intranasal infection with influenza virus. Newborn ferrets, with much smaller airways, might be expected to suffer even greater difficulties from obstruction secondary to influenzal inflammation, with the possibility of death from asphyxia, even in those animals with minimal involvement of the lower respiratory tract. Undoubtedly, obstruction in the upper respiratory tract will also interfere with feeding, perhaps resulting in aspiration of food into the lungs; this would account for the large number of deaths from aspiration pneumonia.
The above findings may have relevance for human pathology, particularly with regard to the mechanisms of cot deaths. The histopathological changes in the lung in most respiratory viral infections in children are non-specific (Aherne et al., 1970) , and in cot deaths are commonly minimal (Tapp, Jones and Tobin, 1975) . Moreover, it has long been suspected that obstruction of the upper respiratory tract plays a role in cot deaths (Cross and Lewis, 1971; Swift and Emery, 1973) , because a history of preceding snuffles is common and the risk of death appears to be greater when other symptoms of upper respiratory-tract infection, such as cough, are present (Carpenter et al., 1979) .
These data emphasise the need for re-evaluation of the role of influenzal infection in newborns and infants. Minor lesions of the upper respiratory tract previously ignored as insignificant would account for the high incidence of upper respiratory-tract symptoms in fatal cases, especially if associated with virus isolation. SUMMARY Influenza virus infection by the intranasal route was found to be invariably fatal in newborn ferrets. Some obviously died of influenza1 pneumonia; others died of aspiration pneumonia or showed only minimal or non-specific changes in the lungs. All, however, had severe lesions in the upper respiratory tract, and it is suggested that obstruction of airways and oesophageal passages, in combination with feeding difficulties, played a major role in causing death. The relevance of the findings to the pathology of cot deaths in human infants is briefly discussed.
